Transcription factor IMC from human cells (hTFIIIC) contains a 55 kDa polypeptide which specifically binds to the promoter of the VAI and 5S gene.This interaction can be abolished by depleting divalent metal cations from the free protein through chelatlon with EDTA. Prior association of the protein with its DNA-blnding sequence renders the complex refractory to chelatlon by EDTA. Specific binding of hTFIIIC to its cognate promoter sequences-shown by electrophoretic mobility shift and DNase I protection assays-can be restored by the addition of zinc ions. In contrast to the binding of hTFIIIA to the 5S gene, which was monitored in paralel and which exclusively requires Zn 2 *, the binding of hTFIIIC to the VAI and 5S gene can also be reconstituted -albeit with a lower efficiency-by the transition metals Co 2 *, Fe 2+ and Mn 2+ but not by Ni
INTRODUCTION
Human transcription factor HJC (hTFUIC) binds to and is essentially required for the expression of all class III genes governed by intragenic promoters. While it serves as central assembly factor for the formation of transcription complexes on those class III genes controlled by the B-box motif (eg. tRNA and VAI genes) it also binds in a primary fashion in conjunction with TFUJA to the 5S gene (1, 2) . The latter protein from human (3) and amphibian oocytes (4) functionally requires zinc ions (Zn 2+ ) with absolute specificity and the Xenopus transcription factor has served as a model protein to establish the zinc-finger as a DNA binding motif, operative in a large family of eukaryotic transcription factors. The molecular structure and subunit architecture of hTFIIIC are as yet incompletely characterized. Recently we have shown that a DNA binding domain of this central poUU transcription factor is contained in a 55 kDa polypeptide. In this paper we demonstrate for the first time that removal of divalent metal cations abolishes specific binding of hTFIIIC to the VAI and 5S gene promoter. This function can be restored by zinc and to a lesser degree by other transition metal ions.
MATERIALS AND METHODS

Preparation of cellular extracts and purification of transcription factors
Cytoplasmic extracts from HeLa cells (S100) and protein fractions thereof containing hTFIIIA (fraction AD after rechromatography on phosphocellulose) or hTFITJC (fraction eluted from DEAESephadex with 0.25 M (NH^SC^) were prepared as described previously (5, 1) . These fractions were concentrated and they contained approximately 1 /tg protein per /d. Divalent metal cations were depleted from these fractions by chelation with EDTA and removal by subsequent dialysis as described (3) . We preferred this technique over the use of 1,10 phenanthroline as chelator, because of the non-specific effects described for this compound (3) which were recently confirmed in DNA-binding experiments (data not shown).
Rate zonal sedimentation on glycerol gradients
The protein fraction from a HeLa cytoplasmic extract (S100) eluted from DEAE-Sephadex with 0.25 M (NR^SC^ (1) was dialyzed against 20 mM Tris, pH 7.9, 60 mM KC1, 5 mM MgC12, 10% (v/v) glycerol, 3 mM DTT, 0.2 mM PMSF and layered onto linear 12.% to 30% glycerol gradients. Centrifugation was for 12 h at 50.000 rpm and 4°C in the SW 60 Beckmann rotor. Fractions of 350 /tl were collected from the top and assayed for DNA-binding capacity to the 281 bp DNA fragment containing the VAI gene (see below). Individual marker proteins of known molecular mass were simultaneously run in parallel tubes and their sedimentation position was analyzed by SDS gel electrophoresis of individual fractions.
Electrophoretic moblility shift analyses of protein-DNA complexes Mobility shift analyses were carried out either with a 231 bp fragment containing the human 5S gene or a 281 bp fragment carrying the VAI gene which were obtained by Eco RI/Hind IQ
• To whom correspondence should be addressed cleavage of pUh5S or pUVAI (6) respectively. Fragments were gel purified and labeled at their 3' termini with [or 32 P]dATP and the Klenow fragment of DNA polymerase I as described previously (5) .
DNase I footprinting
Labeling of the fragments. The fragment containing the VAI gene was labeled at the 3'terminus of the coding strand. It was obtained by linearizing pUVAI with Eco RI, labeling with the Klenow fragment of DNA polymerase I and [a n ?] dATP and secondary restriction with Hind in. The fragment containing the human 5S gene was obtained as described above and the non-coding strand was labeled at its 3' terminus with D Nase I protection assay. Approximately 2 /d of the concentrated protein fractions containing hTFITIA or hlhlilC were employed in footprint assays as described (5,1). They contained, in a final volume of 25 /il ~ 10.000 cpm of the DNA fragment and 2 /xg poly d(I-C) as unspecific competitor. After assembly on ice and incubation at 30°C for 30 min, digestion was initiated by addition 12 3 4 5 6 7 8 9 10 11 12 of 20 ng DNase I. After 60 s at room temperature, the samples were processed as described (5) .
RESULTS
The results in Fig. 1 show that a protein in the purified hTFIIICfraction binds to both the VAI and 5S gene (Parts II and in, lane 2). This complex specifically forms on poim promoters as was previously verified by appropriate competition analyses (6) . DNA binding of this polypeptide can be abolished by prior chelation of the protein fraction with EDTA concentrations exceeding 5 mM (lanes 5 and 6). This is a reversible effect since binding to both the VAI and 5S gene can be restored by the addition of 5 fiM Zn 2+ (lanes 11 and 12). The concentrations of EDTA and Zn 2+ , required to observe these effects, are comparable to those for the binding of hTFTQA to the 5S gene (Fig. 1 , compare part I with parts II and HI) and values previously reported by our group for in vitro transcription of ribosomal 5S DNA (3) .
From the extent of the electrophoretic mobility shift observed in Fig.l and from renaturation, south-western and UV crosslink data reported previously (6) 14) . In lanes 11-14 Zn 2+ was restored at 2.5, 5, 10 or 20 (iM respectively. Lanes 1 -7 were treated in an analogous way to lanes 8-14 except that in the former case the unfractionated protein fraction (DEAESephadex 0.25) was used as a control. Lanes 1 and 8 were not complexed to protein and show free DNA.
through glycerol gradients and monitoring the fractions by electrophoretic mobility shift analyses. , lanes 9-14) is virtually identical to that of the unfractionated protein (lanes 2 to 7) and the relative position of the shifted complex is indiscernable in both cases. We therefore conclude that the 55 kDa polypeptide is the component of h'l'hlllC responsible for the observed zinc requirement. In order to prove unequivocally that the interaction of hTFIIIC with its cognate promoter sequence requires zinc ions, appropriate footprint analyses were conducted (Fig.3, Part I) . They clearly show (lane 2) that the DNA-binding domain of hTFTHC protects sequences of the B-box and adjacent nucleotides extending toward the A-box of the VAI-promoter. It should be noted, that the footprint of the 55 kDa protein-although encompassing the same region of the VAI promoter-is slightly smaller than was previously found by us (1) and other groups (7, 8) for the entire transcription factor. Chelation of divalent metal cations with EDTA concentrations exceeding 10 mM (Fig.3, Part I lanes 3  and 4) lift the footprint, and supplementation with 50 /tM ZnCl 2 fully restores the specific interaction of hTFIIIC with the VAI promoter (lane 6). The amounts of EDTA required to abolish the footprint (20 mM; Fig.3 ) are higher than those needed to interfere with the electrophoretic mobility shift (5mM; Fig.l ) because higher amounts of the protein are required in the former assay. Accordingly, higher zinc concentrations are necessary to restore the footprint (Fig.3) than those required for the electrophoretic mobility shift (Fig.l) .
The requirement of zinc for the formation of the footprint of human TFHIA on the homologous gene has been implicated but not yet proven because the protein has only recently been Electrophoretic mobility shifts were conducted as described in Materials and Methods. Lane 1 depicts free DNA (F) lanes 2 and 9 show complexes formed with hTFUIA (C A ) and hTFUIC (C,;) without EDTA treatment respectively. Samples in lanes 3-5 and 10-12 were pretreated either with 2.5 mM, 5 mM or 10 mM EDTA respectively before DNA binding occurred. In samples 6-8 and 13-15 the protein was allowed to bind to DNA as described in Materials and Methods before the EDTA concentrations were adjusted to 2.5, 5, or 10 mM. sufficiently purified (5) to conduct this experiment. Results in Fig.3 Part II show that the footprint of human TFIIIA (lane 2), extending from bp +46 to +99 of the ICR of the human 5S gene (5) , is lifted by removal of divalent metal cations (lanes 3 and 4) and can faithfully be restored by the addition of zinc concentrations exceeding 20 /xM (lanes 6-8).
Prior binding of h'l'hlllC to the 5S promoter (and VAI gene; data not shown) renders the complex refractory to chelation by EDTA (Fig.4, compare lane 9 with lanes 10-12 and lanes  13-15) , indicating that the metal ion is either very tightly bound in the protein-DNA complex or that it is inaccessible to the chelator. This finding is remarkable, because the primary binding of hTFIIIC to the 5S gene occurs with a much lower affinity than that observed for hThlllA to its cognate promoter sequence (1, also compare the ratio of free DNA shifted into complexes CA and CC in Fig.4) . The basic observation, however, that preformed DNA-protein complexes are resistent toward chelation by EDTA applies to the complexes for both hTFIQA (lanes 2-8) and hTFIIIC.
It was previously found that binding of Xenopus-oocyte TUNA to the 5S gene (4) and transcription of ribosomal 5S RNA in a HeLa cell extract in vitro (3), required zinc with absolut specificity. This finding is confirmed by results in Fig.5 (Fig.5 Part II) and 5S promoter (Fig.5, Part HI) . Apart from Zn 2+ , the binding of this factor to both genes can partially be reconstituted by Co (Fig.5 , Parts II and HI) it can be deduced that the efficiency of reconstitution is much lower in these latter cases, but it is nevertheless clearly discemable and has repeatedly been observed. These effects are certainly not due to conceivable cross contamination of these metal ions by zinc, because the control (Part I), clearly shows no binding of hTFIHA to the 5S gene in the presence of the transition metals tested.
DISCUSSION
Results in this paper show for the first time that the 55 kDa component of transcription factor HIC from HeLa cells requires Zn 2 " 1 " for specific binding to its cognate promoter sequences (Fig. 1, 2 and 3 ). This requirement can functionally be replacedalbeit with much lower efficiency-by the transition metals Co (Fig.5 ) as will subsequently be discussed.
The findings reported here are supported by indirect observations by other investigators. Cromlish and Roeder reported a strict correlation between the binding activity of partially purified human 'i'hlllC and the presence of reduced sulfhydryl groups (9) which these authors interpreted to indicate that zinc ligands could be functionally involved. Gabrielsen et al. (10) found that the DNA binding of tau-factor from yeast cells-which is functionally equivalent to TFHIC in higher eukaryotic cells-is inhibited in the presence of 1,10 phenanthroline. We previously reported (3) that transcription of tRNA in a HeLa cell extract could be inhibited by EDTA, although rather high concentrations of chelator were required and it was unclear at that time, which component of the transcriptional machinery was involved.
In agreement with previously reported findings for several DNA-binding metalloproteins (3, 4, 11, 12) prior complexation of hTFIIIC and hTFUIA with the 5S-gene promoter protects the metal ion, possibly for steric reasons, from chelation by EDTA (Fig.4) . It should also be pointed out that higher EDTA concentrations than those found necessary to inhibit binding of the 55 kDa component of hTFIIIC (Fig. 1) were required to inhibit transcription of VAI or 5SRNA in vitro (approximately 50 mM; data not shown). This could be related to the same phenomenon, i.e. reduced accessibility of the coordinated metal ion within the complicated architecture of the much larger native transcription factor, as compared to that within the smaller polypeptide containing the DNA-binding domain of hTFHIC. This latter finding is in agreement with conclusions drawn by Gabrielsen et al (10) . These authors mentioned that DNA binding of tau Brepresenting only a part of the entire yeast transcription factorcould be completely inhibited by treatment with 10 mM 1,10 phenanthroline, whereas binding of the complete tau-factor could only be reduced to 50% by this treatment.
Although the depletion of divalent metal cations from the 55 kDa polypeptide of hTFIIIC and restoration of its exact binding activity by zinc paralells that found for hTFlilA (Figs.2 and 3) , the ion selectivities for both proteins are clearly different (Fig.5) (13) show very different activities in the reconstitution assay (Fig.5) . Therefore, ionic radii cannot solely account for the functional difference observed and other parameters of divalent transition metal ions, like the tendency to preferentially adopt a tetrahedric, rather than an octahedric coordination (Zn 2+ > Co 2+ > Fe 2+ > Mn 2+ ; 14), may have to be considered.
The functional substitution of the endogenous metal ion by Co 2 *, Fe 2 " 1 " and Mn 2+ has hitherto not been reported for other DNA-binding proteins but has been shown for the activity of several enzymes (14) . It is obviously possible that the metal ion is required to establish or maintain a protein structure required for DNA-binding of hTFIIIC, in which the metal is coordinated in a non-zinc-finger configuration. Cloning of the gene and sequencing of the DNA-binding domain of the protein will be required to definitively answer this question.
